The anaerobic biodegradability and hydrolysis rates of screenings were determined using the biochemical methane potential test approach, at 37 o C. Regarded as a complex and particulate substrate, the extent and rates of screenings conversion to methane were investigated using a linear and non-linear model. During the experimentation there was no accumulation of intermediary products and thus it was possible use the methane production rate to estimate the hydrolysis rate. The values found (0.079-0.157 d -1 ) are in the range reported by the literature for comparable organic wastes and it was also observed that the hydrolysis rate of screenings increases with an increase in the inoculum-to-substrate ratio. The percentage of biodegradability recorded was on average 52% and this value shows the potential of volatile solids removal. The differences in biodegradation rates from the materials in screenings were well represented by the remodified Gompertz non-linear model which was able to describe the methane production rate of screenings with high degree of confidence. It is proposed that a two-stage process, which includes a first acid-phase digestion with an improved hydrolysis rate, could ensure that the full potential of the material is exploited.
Introduction
The wastewater sector is facing the challenge of reducing energy consumption and thus its growing carbon footprint. This requires innovative ideas and a serious review of each of the operations and byproducts involved in treatment, even those that seem minor. Such is the case of screenings, a solid by-product which has received little attention due to the relatively low amount produced (Le Hyaric, 2009) . As a result of that, the management of this material is limited to final disposal, primarily in landfill or, to a lesser extent, incineration. However, with the increase in population and the advent of new technologies involving increasingly fine screening, a significant increase in the screenings production is expected.
Additionally, the disposal of screenings presents a problem due to the high moisture and organic content. From the environmental point of view this material should be derived from landfill because it is a potential generator of green house gases (GHGs). Moreover, in the light of the EU Landfill Directive, biodegradable municipal waste, to which screenings belong, may no longer be sent to landfill by 2020. So far, however, there are no environmentally friendly alternatives for the management of this waste other than landfilling and incineration.
A high content of organic matter, however, can be converted into a benefit if energy recovery is considered. One method that can be successful to recover the energy found in screenings together with the stabilization of the waste is anaerobic digestion. Nevertheless, given their heterogeneity, containing both light (plastics and rags) and heavy components, screenings seem to be a problematic material, not very amenable to high-rate anaerobic digestion.
Even though aerobic composting can also be considered, when it is compared to digestion, the latter has a greater benefit in terms of net production of renewable energy which reduces the GHGs emissions, provided that the biogas is utilised. Additionally, besides methane other valuable by-products can also be obtained, such as solvents and volatile fatty acids (VFAs). Given these possibilities for recovering resources, it is worth exploring the anaerobic digestion of screenings.
Anaerobic digestion comprises four stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis. The success of the process depends on a good coordination between all the stages; particularly between the rate of hydrolysis and the rate of methanogenesis, since methanogenic bacteria are very sensitive to accumulation of VFAs. If the rate of hydrolysis is higher than the methanogenic rate, accumulation of VFAs and hydrogen may lead to irreversible acidification of the digester (Pavlostathis and Giraldo-Gomez, 1991) .
In order to assess the feasibility and ensure a successful implementation of anaerobic digestion of non-conventional solid waste, it is important to develop sufficient knowledge about its anaerobic degradation as well as about each one of the biochemical steps involved in the process. Many studies conclude that the rate-limiting step in the conversion of waste solids to fermentation products in the acid phase is the hydrolysis of particulates to soluble substrates (Eastman and Ferguson, 1981; Vavilin, et al, 1996) . Therefore, kinetics of particulate substrates is one of the key aspects to be analyzed. From the point of view of the engineering this is important because the analysis, control and design of the reactors depend on the kinetics of the process. As a result, it is possible to find several papers that reflect the extensive efforts of researchers to determine the kinetic constants of anaerobic treatment applied to an extensive variety of organic compounds (Veeken and Hamelers, 1999; Gunaseelan, 2004; Jokela, et al, 2005; Vavilin et al, 2008) . However, literature data on the effect of the inoculum-to-substrate ratio and the organic concentration on hydrolysis rates of complex biowaste are scarce.
This study presents the determination of the hydrolysis rates and biodegradability of screenings at 37 o C, testing different substrate concentrations and inoculum-to-substrate ratios. The extent and rates of its conversion to methane were investigated using a linear and non-linear model.
Methods

Substrate and seed inoculum
Raw screenings were taken from a local wastewater treatment plant in Yorkshire (UK), after 6 mm screens. Plastic and metals were removed and size reduction was performed before the experimentation.
The seed inoculum was obtained from a laboratory-scale, mesophilic anaerobic digester, fed with co-blended industrial food waste and sewage sludge. The operational conditions of the digester were: temperature of 37 o C±0.2, HRT of 10 days and OLR of 3.4 g VS/L/.d.
Anaerobic biodegradability tests
The rate and extent of the anaerobic biodegradability of screenings was determined using a modified version of the biochemical methane potential (BMP) test described by Veeken and Hamelers (1999) . The test was carried out in glass bottles of 500 ml of capacity with hermetically sealed stoppers and controlled gas opening valves. The effective volume maintained was 400 ml and the headspace gas volume was 100 ml. The reactors were incubated at 37°C in a mechanical shaker which provided intermittent mix at 140 rpm. For this test, screenings samples were dried for 48 hours at 38°C and stored at room temperature before use. The dry sample was characterised for total solids (TS), volatile solids (VS) and chemical oxygen demand (COD) with values of 93%, 95% and 1.39 g O 2 g -1 VS respectively. The soluble fraction of the screenings sample was also determined resulting in a very low value (0.5% of TS), indicating that the sample could be regarded as a particulate organic substrate. A nutrient solution containing all the micro-and macro-nutrients and vitamins essential to the growth of the anaerobic microorganisms was prepared for the experiment according to the method described by Kim et al. (2003) . The feedstock was prepared by mixing predetermined amounts of dry substrate, nutrient solution and seed inoculum. This mixture was fed into the bottles in a specific proportion to complete its effective volume. An inoculum to substrate ratio of 3 on a VS basis was applied to the mixture and concentrations of the substrate of 2 and 4 g VS d -1 l -1 were chosen since these are the concentrations generally used in BMP tests.
A second experiment was conducted in the same way as the previous one, but simulating the conditions in a real digester regarding the substrate and amount of inoculum. In this case screenings sample, after plastics and metals removal, was taken wet and fed to the bottles to make a total solid concentration of 3% (18 g VS/l), and the amount of inoculum was 35% in volume (inoculum-to-substrate ratio of 0.7 on a VS basis).
The experiments were carried out in duplicate and for each experiment a control employing only seed inoculum was used to account for the methane contribution of the seed.
Analytical methods
The analytical parameters of TS, VS, total alkalinity, ammoniacal nitrogen (NH 4 -N) and total VFAs were carried out following the procedures outlined in Standard Methods (APHA, 2005) . Samples for analysis of alkalinity, NH 4 -N, and VFAs were centrifuged at 4000 rpm for 20 min prior to analysis.
The biogas and methane production was followed over a 90-day period by regular measurements using liquid displacement technique and 5% NaOH. The measured biogas volume was adjusted to STP (0 o C and 1 atm).
Calculation of hydrolysis rate and biodegradability
Methane production can be used to represent the hydrolysis rate of particulate organic matter only when there is no accumulation of intermediary products (Veeken and Hamelers, 1999) . Given that screenings is a complex, heterogeneous substrate it seems appropriate to assume that its hydrolysis can be described by a first-order rate kinetic (Gavala, et al, 2003) . Thus, the production of methane was assumed to follow the equation:
( 1) where M represents the cumulative methane production (ml) at time t (d). P is the methane production potential (ml) and was assumed to equal the final cumulative methane (after 90 days of digestion). k was estimated by taken the reciprocal of the time from the start of the BMP assay until when the methane production equalled 0.632 CH 4max (Hashimoto A.G., 1986) . For the estimation of the first-order hydrolysis constant the equation (1) was linearised.
A non-linear regression, the Gompertz equation (Lay et al., 1997) , was also employed to describe cumulative methane production during batch tests:
where M is the cumulative methane production (mL) at time t (d); is the lagphase-time (d); P is the methane production potential (mL); R is the specific methanogenic activity (SMA) (mL/g VS day) and e is a mathematical constant (2.718). However, the equation did not describe accurately the cumulative methane production of screenings due to different biodegradability between different organic materials that are part of screenings. Therefore, a remodified Gompertz equation (3) developed by Kim et al. (2003) , was used, in which a secondary term is added to represent the methane production in a second stage from slowly degradable materials.
The anaerobic biodegradability of the sample was calculated from the maximum methane yield and the COD of the substrate (Veeken and Hamelers, 1999) , according to: (4) where B represents the percentage of biodegradability, P the maximum methane yield (in l STP), W the sample weight (in g VS), COD the COD of the sample (in g O 2 g -1 VS) and the factor 2.86 corresponds to the COD (g O 2 ) of 1 STP litre of methane.
Results and discussion Hydrolysis rates and biodegradability
Assuming first-order kinetics for the hydrolysis of screenings, methane production was used to estimate the hydrolysis rate constant. To validate this assumption, it is necessary to demonstrate that there is no accumulation of intermediary products. Given that VFAs are the main intermediary products in biowaste digestion (Vavilin et al, 2001 ), VFAs were measured in the liquid and pH was monitored in time. For all tests, VFAs concentration was less than 1.2 g AA/l during the initial stage of the experiments but the concentration dropped below 0.8 g AA/l after 4 days. The pH of the solutions remained in the range 6.6 -7.2 for all experiments. From these results, it can be concluded that there was no accumulation of intermediary products during the initial stage of the test and therefore the methane production can be related directly to the hydrolysis rate. Figure 1 shows the linearization of equation (1) in order to determine the first-order kinetic constants. It can be seen that the experiments with the higher inoculum-tosubstrate ratio (2 and 4 g VS/l) presented a similar slope and higher than the one from the experiment with the lower inoculum-tosubstrate ratio (18 g VS/l). However, in order to clarify the effect of substrate concentration and inoculum-tosubstrate ratio, statistics were applied to the data and no significant difference (at 95% of confidence) was found for the kinetic constants (Table 1) between the two concentrations with the higher inoculum-tosubstrate ratio. Otherwise, a significant difference (at 95% of confidence) was found when these experiments were compared with the experiment with higher concentration of screenings and low inoculum-to-substrate ratio (18 g VS/l). There was a decrease of around 50% in the value of the kinetic constant for this latter experiment, showing that a low inoculum-to-substrate ratio led to a lower hydrolysis rate. From these results it can be stated that, unlike the concentration, the inoculum-to substrate ratio has an impact in the methane production rate of screenings. This observation has been reported before for particulate organic material (Fernandez et al., 2001; Vavilin et al., 2008) , showing that the biomass concentration or activity influence the hydrolysis rate of complex substrates.
The value of the first-order rate constant found in this experiment (0.079-0.157 d -1 ) for screenings is similar to the values found by Tong et al. (1990) , of 0.049 d -1 for newspaper and 0.079 d -1 for wood grass at 35°C; also comparable with the data reported by Veeken and Hamelers (1999) , who found values of hydrolysis rate constant of 0.090 d -1 for grass and 0.087 for straw at 30°C; and, interestingly, within the range reported by Gunaseelan (2004) , for fruit wastes (0.016-0.122 d -1 ), at 35°C. This means that screenings is a material with hydrolysis rates similar to other biodegradable materials. Moreover, the methane yields obtained for screenings are also comparable with those found in food waste and organic fraction of municipal solid waste (OFMSW) (Cadavid-Rodriguez L.S. and Horan N., in press).
The average percentage of biodegradability found was 52% ± 12. This value indicates that screenings have a medium potential of biodegradability and coincides with the relationship between experimental and theoretical methane potential (59%) as well as with the percentage of volatile solids removed (50%-53).
Evidence of diuxic growth and non-linear regression
The methane production as a function of time for screenings (Figures 2 and 3) clearly presents a different pattern from those observed in substrate of a single compound: there are two exponential phases instead of one (diuxic growth). Even though the shape of the curve is slightly different the trend is the same for the two conditions of screenings, indicating that the double exponential phase is characteristic of the solids contained in this material and is independent of the inoculum-to-substrate ratio. Fig. 2 . Methane production from screenings, inoculum-to substrate ratio equal 3. Symbols refer to the experimental data, and lines to the remodified Gompertz model Fig. 3 . Methane production from screenings, concentration of 18 g VS/l and inoculum-to substrate ratio equal 0.7. Symbols refer to the experimental data, and the line to the remodified Gompertz model This behaviour, due to the slowly degradable materials contained in screenings, could not be described by equation (1), which also failed to reflect the lag-phase. After day 8 there was a significant variability between regression lines leading to a very low confidence. Therefore, to describe more accurately the methane production of screenings, the remodified Gompertz equation was used as an alternative.
In Table 2 the estimated values using equation (3) are shown and Figures 2 and 3 include the regression model. The methane potential rates (R), for the experiments with 2 and 4 g VS/l, were higher in the first phase than in phase 2; and the opposite was true for the test with 18 g VS/l. This can be explained again for the inoculum-tosubstrate ratio. In the experiment with the higher ratio (2 and 4 g VS/l) the number of microorganisms can support a rapid methane production, while time is needed to achieve a number of microorganisms that can colonize the solids effectively and promote a high methane production, in the experiment with the lower ratio. This is in line with the approach described by Vavilin et al. (1996) , where, in the hydrolysis of complex organic matter, a first phase of bacterial colonization is considered, during which the hydrolytic bacteria cover the surface of the solids, and its rate depends on the contact area available. The BMP has shown that anaerobic digestion can be a practical alternative to reduce the environmental footprint of screenings. Moreover, the hydrolysis rate of screenings is comparable with those from food waste or OFMSW, and it is also possible to increase it using a high inoculum-to-substrate ratio. However, due to the difficult nature of the material itself and its large fraction of floating and slowly degradable material, there are difficulties to overcome in order to digest this material in a viable way. Consequently, to ensure that the potential of the material could be exploited, a two-phase approach is being evaluated based on the principle of acid phase digestion (APD). APD utilises a first-phase reactor operated at a high loading rate. Under these conditions the substrate rapidly undergoes hydrolysis with the production of alcohols and VFAs. As a result a liquid stream is produced, free from solids that is available either to pass forward to the existing digester for methane production, or to use in the aerobic process as a source of acetate for denitrification and biological phosphorus removal (Manyumba et al., 2009) .
Conclusions
The results of this research indicate that the methane production rate can be used to estimate the hydrolysis rate of screenings, given that there is no accumulation of intermediary products (VFAs). The values found (0.079-0.157 d -1 ) are in the range reported by the literature for comparable organic wastes. It was also found that the hydrolysis rate of screenings increases with an increase in the inoculum-to-substrate ratio.
The average anaerobic biodegradability of screenings can be reported as 52%. This value, in addition to showing the potential for volatile solids removal, also reveals the potential of anaerobic digestion for reducing the GHGs emission from this material.
The differences in biodegradation rates from the materials contained in screenings were well represented by the remodified Gompertz non-linear model which was able to describe the methane production rate of screenings with high degree of confidence.
A batch digestion process where an enhanced APD can take place could produce a solids-free product that is rich in VFAs and which could be passed forward to the existing assets for methane recovery. Additionally, it could find alternative uses for enhancing denitrification and biological P removal. the inlet works that provided the screenings used in this study.
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